Enabled by the Bayh-Dole Act (1980), universities license access to innovations protected by US patents. Despite the growing importance of license revenue to cashstrapped land-grant universities that generate a large share of agricultural innovations, there has been no formal attempt to determine an optimal pricing strategy for patent licenses. We recognize that patents are options on the stream of future revenues, and apply option-valuation techniques to determine optimal pricing strategies for university technology o¢ cers. We …nd that path-dependency in license revenue streams creates signi…cant di¤erences in the optimal pricing strategy relative to more standard riskneutral pricing models, but that path-dependent pricing more nearly approximates observed patent prices. While non-path dependent prices yield conventional sensitivities to volatility, mean-reversion and returns-growth, path-dependent prices show highly non-linear comparative statics. These results are important both for patent licensees, and for licensors seeking to maximize license revenue.
Introduction
The importance of universities'role in generating commercially-relevant research has risen sharply in recent years. In fact, Lach and Schankerman (2008) report that universities conduct 53% of all basic research and that "...the number of U.S. patents awarded to university inventors annually increased from 500 in 1982 to 3, 255 Despite the economic importance of licensing patents to university revenues, prices for these licenses tend to be determined in ad hoc ways through institutional mechanisms that are unlikely to arrive at e¢ cient, or economically justi…able prices. If the market for innovations were deeper, if participants were well-informed and trading institutions were clear and transparent, there would likely be no need for university administrators to have a formal model to help them license work conducted by their faculty. However, none of these conditions currently exist, so the development of a mutually-agreeable pricing system is critically important for the growth and development of the market for patents in general, and agricultural patents in particular. In this study, we develop a general approach for pricing licenses on patented innovations, and apply two speci…c pricing models to a case study on licenses to patents for new apple varieties. 1 We argue that a patent is an option on a stream of pro…t generated by an innovation, so should be priced as such. Empirical models of patent valuation have long-recognized the isomorphic nature of patents and options on real investments (Pakes and Schankerman 1984; Pakes 1986 ; Lanjouw 1998; Bloom and van Reenen 2002), but few re ‡ect the attributes of patents that are relevant for their e¢ cient pricing. We agree that patents entail a …xed and irreversible investment, the associated returns-stream is typically highly uncertain, and 1 The value of a patent and the value of a license to that patent are regarded as equivalent throughout this analysis. That is, we assume the market for licenses should be regarded as competitive by participants, and that the license itself grants exclusive planting rights to the buyer. the patent licensor has at least a temporary monopoly right to exploit the market value of the innovation, so patents are appropriately valued using real option valuation techniques.
However, the appropriate pricing model is non-standard. First, at the core of any option valuation model is the assumed data generating process for the returns upon which the option is drawn. Bloom and van Reenen (2002) model the underlying returns process to patenting in terms of a geometric Brownian motion (GBM), which results in a standard Black-Scholes (1973) type of valuation model. Agricultural innovations in particular, however, entail a number of complications that likely require the application of a far more ‡exible and robust valuation method. Our pricing model accomodates the complex nature of the returns process that underlie patent values. Second, patent prices are likely to be path-dependent because exercise is at the discretion of the holder, not …xed by contract. We extend an approach developed by Longsta¤ and Schwartz (2001) for valuing path-dependent, American-style options and apply this model to price patents on agricultural innovations. Third, we recognize that university technology-transfer o¢ ces can choose the timing of their sale of the license.
Therefore, we calculate option prices over a number of expiry dates (years between the license sale and the patent's expiry) to uncover any non-linearities in the relationship between license prices and the timing of a license-auction. In doing so, we o¤er a means by which university-technology transfer o¢ ces may be able to value discoveries by university-based researchers in a more transparent, e¢ cient way.
We …nd that prices for licenses to agricultural innovations appear to be priced as if producers recognize the path-dependency inherent in patent values. Moreover, because of this path-dependency, we …nd some evidence that the sensitivity of license prices to key model parameters (volatility, mean reversion and growth rates) tends to be highly nonlinear, unlike prices determined using a non-path dependent model. Building a market for licenses in which innovations are priced e¢ ciently, and the incentives to innovate are aligned with those to commercialize innovations, requires participants on both sides of the market to understand how license values are determined in an economically-justi…able way.
Our study contributes to to the literature on licensing patents on agricultural innovations in a number of ways. First, we introduce a simple and ‡exible, yet realistic model for patentlicense pricing to the agricultural sector. Second, our …ndings provide a critical tool for university technology managers responsible for pricing innovations from university faculty.
Third, our patent-license pricing model addresses a key weakness in existing markets for agricultural innovations -the lack of a clear, transparent price that both parties to the transaction can agree is economically justi…able. Just as the creation of the Black-Scholes model some 40 years ago provided the platform for explosive growth of the …nancial options and derivatives markets, our tool may provide a catalyst for greater liquidity in the market for food innovations. Although our speci…c example concerns new apple varieties, our …ndings are su¢ ciently general to be of interest to a wide variety of university technology managers charged with generating as much revenue as possible from their research program.
The rest of the paper is organized as follows. In the next section, we provide some background on the legal and institutional environment surrounding patent licensing by universities. In a third section, we describe two patent valuation models and an empirical model of the data generating process for the returns to owning an agricultural patent. We then describe the data used in our empirical application and the assumptions governing the application of each model in a fourth section. In section …ve we present the results obtained from each valuation method, and discuss some implications for both sellers and buyers of patent licenses. We conclude in the sixth section and suggest some avenues for future research. We …rst consider a relatively standard risk-neutral valuation model (Cox, Ingersoll and Ross 1985) in which the option can only be exercised on the data of expiry (European option assumption) and the duration of cash ‡ows does not depend on the duration of investment.
We then extend our valuation model to incorporate more realistic assumptions that may be important in determining optimal patent values: (1) the option to exercise before expiry (American option assumption), (2) the co-dependency of cash- ‡ow duration and post-patent investment duration, and (3) the value of the embedded option to remove patented trees and replace them with alternatives. Each of these additional assumptions implies that the standard risk-neutral valuation method must be extended to include path-dependency in a manner similar to Longsta¤ and Schwartz (2001) . We then describe the Longsta¤ and
Schwartz (2001) least-squares Monte Carlo (LMS) technique as it applies to the valuation of agricultural patents as complex-options.
Modeling the Returns Process
If patents are nothing more than real options, then patent prices are based on the value of an underlying returns index. There are …ve essential elements that contribute to the value of a patent: (1) the cash ‡ows to the patented innovation, (2) the length of time to patent expiration, (3) the post-patent investment required to generate cash ‡ows, (4) the volatility of the underlying cash ‡ows, and (5) the risk-free interest rate. How these elements interaction to in ‡uence patent value, and the model used to price the patent, however, depends on the nature and timing of the cash ‡ows and post-patent investment. If investment, and hence option exercise, is assumed to be a one-time event with a speci…c date, then pricing models for European options are appropriate. If, however, exercise can occur at any date chosen by the patent purchaser, then the value of the option is path-dependent and valuation models for American-type options are more appropriate.
Regardless of the valuation method, however, the core of each approach involves assumptions regarding the path of returns to the innovation (the underlying security in options terminology). Others assume returns to the innovation evolve according to a Geometric Brownian Motion (GBM) process that is standard in the options-valuation literature, but often not descriptive of the actual process followed by returns. For each model, we assume instead that returns to a demand-side agricultural innovation evolve according to a meanreverting GBM with a poisson jump process (Merton 1976 Consequently, the most general form of the returns equation is written as:
where is the rate of mean reversion per unit of time, dt, is the standard deviation of the di¤usion process, dz is an increment of a standard Weiner process with zero mean and variance equal to dt, R t is the cash ‡ow from the new product with mean R m t , jumps occur according to a Poisson process q with average arrival rate and a random percentage shock, '. The random shock, in turn, is assumed to be log-normally distributed with mean ' 0:5 2 and variance, 2 . The Poisson process q describes a random variable that assumes a value of 0 with probability 1 and 1 with probability .
Estimates of (1) are obtained by maximum likelihood estimation over the entire sample data set, using the likelihood function:
where n is a number of jumps that spans the number of observed shocks in the data (Jorion 1989 ). In (2) we approximate the change of dR t =dt with a discrete change: dR t = R(t) R(t 1). In the next section, we show how parameter estimates from (2) are then used to forecast returns to the new variety and, hence, determine equilibrium prices for patents on the innovation. Given this stochastic returns process, the real option implied by this process is then valued using well-understood Monte Carlo option valuation techniques as explained next.
Patent Pricing Under Risk-Neutral Valuation
Proper pricing of patents is critical for their successful trade. If the prices at which patents are licensed is somehow wrong from the perspective of the buyer or seller, then the likelihood of an active market for agricultural innovations developing in the future is very low. If the uncertainty inherent in licensing a new variety represents a hedgeable risk, or one that growers can transfer by trading an underlying futures contract, then it would be possible to price patents using a traditional, no-arbitrage, Black-Scholes pricing model. However, innovations are not tradable assets. Without an e¤ective hedge, it is necessary to consider the market price of risk and devise a way of estimating its impact on patent prices.
We account for the market price of risk using the risk-neutral valuation model of Cox, Ingersoll and Ross (1985) . Applying this model involves a three-stage algorithm. First, the returns process must be reduced to a martingale, Q, (essentially, a zero-drift stochastic process) by estimating the distribution governing the di¤usion of returns and removing all systematic components from the observed process. This step -"risk neutralzing" the process -means that the best guess of returns at time t 1 is its value at t 0 , or:
removing the predictable components of each part of the returns process, we change the Weiner process dz to dv, where v is a Q-Weiner process (Alaton, et al. 2004 ). The second step consists of forming an expectation of the intrinsic value of the patent under the Q measure de…ned by the risk-neutralized process. In the third step we discount the expected payo¤ value back to the current date at the risk-free rate. This discounted expected payo¤ is the market equilibrium price of the patent.
More formally, given a constant market price of risk, the martingale that de…nes total (deterministic and random) time-variation in the underlying returns index becomes:
where dv is now a Q-Wiener process and t is the market price of risk, expressed on a per unit basis. With this function, we then use the parameters estimated above to …nd the expected returns value at an "expiry" date T , given a value for the market price of risk.
Finding the market price of risk, however, represents a signi…cant empirical problem.
Typically, researchers attempt to calibrate the market price of risk using price series from similar instruments that are traded on organized exchanges. For new apple varieties, however, no such exchange exists, nor do we anticipate that the market will develop su¢ cient to support such an exchange. Nonetheless, we are able to simplify the problem somewhat.
It is a basic tenet of asset pricing that a portfolio of two derivatives written on R t can be constructed such that their combined return is equal to the risk-free rate. Thus, if we de…ne the rate of drift in (3) as = dR
), the return to the risk-neutralized process must be equal to the risk-free rate: t t = r. Using any asset pricing model -the discrete-time capital asset pricing model (CAPM) for example -it must also be the case that the return to any particular asset must be equal to the risk-free rate plus a security-speci…c market-risk premium: = r + (r m r);where r m is the return to the market portfolio, and measures the systematic risk of the security. In the CAPM, however, we know that r m r = t so the risk premium to any asset is determined by the market price of risk and the security-speci…c measure of systematic risk. Systematic risk, in turn, depends on the covariance of asset and market returns and the variance of market returns:
so any security with returns that are statistically independent of the market must have a zero market price of risk. Because this is indeed likely to be case for the returns to new varieties of apple, we set t = 0 in (3) and calculate the equilibrium price by discounting the expected terminal value of the patent at the risk free discount rate. This terminal value, however, depends critically upon the assumed expiry date and, in fact, if one exists.
Empirical Patent Pricing Model: European-Option
The theoretical framework described in the previous section is used to price a complete chain of patent prices for a hypothetical new apple variety, where the chain is de…ned over a number of discrete expiry dates. Given the underlying returns index and a time to expiration, the other elements needed to price patents on new apple varieties are the designated "strike" returns level and the risk-free rate. For any real option, the strike returns level is de…ned as the amount of the investment required to exercise the option, or to plant trees and generate positive returns. In this section, we assume this decision is made at one point in time. In the next section, we consider a more general model in which the option to invest, or to abandon the license, can be made at anytime. For illustrative purposes, we use investment amounts estimated for a new variety of apple in Washington State (Gallardo and Galinato 2012) and estimate cash ‡ows using net returns for Cripps Pink apples in Washington State (WGCH 2012) . We assume a risk-free rate of interest, r, of 3%, which is re ‡ective of short-term interest rates in the fall of 2012. However, it is important to note that the choice of the risk-free interest rate is not one of the more important variables in ‡uencing the value of the option.
In the absence of a closed-form solution to the option pricing problem, Monte Carlo simulation procedures are used to estimate the fair value of call options at each strike level for various times to expiry. Monte Carlo simulation has been used extensively in the literature in valuing options as it is an e¤ective and easily generalizable way to value an option where the underlying index follows a complex process. The steps in the Monte Carlo simulation are as follows. First, the temporal Q-Wiener process in equation (3), dv, is speci…ed as t p twhere t~N (0; 1) and t is the time to expiration of the option expressed in days. Second, the jump di¤usion process described in equation (3) is also modeled within the same Monte Carlo algorithm, where the two stochastic elements of the jump di¤usion process are the arrival rate and the distribution of the random shock. Hence, for a given time to expiration t, a Monte Carlo simulation is run using 10,000 draws from the distribution of t , the distribution governing the arrival rate of the jumps in the jump di¤usion process, and the distribution of the random shock. The Monte Carlo simulation produces a distribution of option payo¤ values as expressed in equation (3) . The mean of the payo¤ distribution is then discounted back to the present by the time to maturity t using rate r yielding the option value. Therefore, in general, the value of the call option at a given expiry date t and strike level x, C(t), can be expressed as:
where the integral is approximated using the Monte Carlo algorithm. We calculate the value of the option for a range of parameter values: For the expiry date, the mean rate of returns growth, the rate of mean reversion and the volatility of the returns series. In this way, we determine the "Greeks" for our numerical option procedure and compare to the values obtained under a continuous-exercise alternative.
Empirical Patent Pricing Model: American-Option
If the option can be exercised at any date chosen by the patent holder, then the valuation problem becomes an optimal stopping problem. In other words, at each potential exercise date the holder is assumed to compare the immediate returns to exercise with the discounted value of cash ‡ows under continuation (non-exercise). As soon as the returns to exercise exceed the expected present value of returns from continuation, the holder will optimally LMS valuation is by now well understood as an accepted approach to path-dependent option valuation so we only describe the intuition that underlies the algorithm here. 3 The fundamental problem addressed by the LMS algorithm is that when exercise is at the discretion of the holder, the value of the option depends on the conditional expectation of cash ‡ows under continuation. Simulating the path of net returns using Monte Carlo methods 2 Others developed similar approximation models for pricing path-dependent options (Carriere 1996; Broadie and Glasserman 1997a, b, c; Broadie, Glasserman and Jain 1998; Broadie et al. 1998) but the LMS algorithm represents the simplest and fastest algorithm to date. 3 Interested readers are referred to Longsta¤ and Schwartz (2001) for formal proofs that the option values that emerge approximate arbitrage-free prices consistent with the logic underlying any option value model (Black and Scholes 1973; Merton 1973 ). and using least squares to estimate the cash ‡ows under continuation produces best, linear, unbiased estimates of the conditional expectation of returns across the entire distribution of possible returns paths. Once the incremental investment required to continue the project is greater than the present value of the present value of expected returns, the option to abandon is exercised the value of the project is zero from there forward. Determining the value of the option under each path using backwards induction solves the optimal stopping problem and, when these values are discounted back to the present at the risk-free rate of interest and averaged across all returns paths, produces an approximation to the current value of the option. When the number of possible exercise dates is large, the algorithm is relatively complex and the values likely to diverge signi…cantly from those expected under a …xed-exercise (European) assumption. In our application, however, we assume a relatively small number of potential exercise dates (monthly), both for realism and tractability.
Speci…cally, growers are assumed to be able to exercise their option under the patent on the …rst of each month under patent-expiry assumptions of one year, three years, …ve years, ten years and …fteen years. Although these expiry choices are admittedly arbitrary, they re ‡ect the range of dates at which a decision must be made whether to continue to invest in developing the new variety, or abandoning the patent in favor of either an existing or another new variety. In our stylized model, therefore, we have exercise dates of t = 1; 2; 3:::T , after which time the new trees become fully bearing and cash ‡ows re ‡ect the full pro…tability of the new variety.
Our assumed process for cost-to-completion is based on Schwartz (2004) . Because actual costs are not observable, the process cannot be estimated as it is for returns. Therefore, we base our cost process on reasonable assumptions regarding volatility and single-period observations of establishment and production costs for a similar type of apple (Gallardo and Galinato 2012). Speci…cally, the cost-to-completion process is assumed to be stochastic and is written:
where I is the periodic investment (control) and K is the cost to completion, or the total amount of capital required (Schwartz 2004) . In this expression, cost-to-completion falls at a rate I, but varies according to the degree of "technical uncertainty" (Pindyck 1993 Based on this cost process, the LMS algorithm proceeds as follows. In the …rst step, we forecast N paths of T returns using the process described in (3). 4 Next, we generate N paths of T values for the cost-to-completion using (5). In the third step, for all paths in which investment has not been completed, nor has the investment already been abandoned, value, the option to abandon is exercised immediately and the value of the project is zero from that point forward. We follow this process recursively, from the last exercise date to the …rst, to determine the optimal stopping point for the investment. Fourth, we determine the value of the option along each path, which can take on three types of values: (1) a multiple of the cash ‡ows expected at the expiry date of the patent if the project is never abandoned, (2) the value of the project at the optimal stopping point, before the decision to abandon is taken, or (3) zero if the project is abandoned immediately. For the …fth and …nal step, we discount the value determined in step 4 to the current period at the risk-free rate, average
the present values across all paths and interpret the result as the optimal patent price.
As in the case of the …xed-exercise model, we calculate these "American" patent price over a range of values for the returns growth rate, the rate of mean reversion, and the volatility of the returns series. Although there are a number of other parameters that may be of interest, these three (in addition to the expiry date) represented a minimal set that describe the most important di¤erences between European and American-option assumptions for patent prices.
Data Description
There are few fruit patented fruit varieties with a su¢ cient shipment history to allow esti- We augment the price and shipment data with establishment and production cost data for comparable apples (Gallardo and Galinato 2012) . Although our focus is on Cripps Pink and we parameterize the stochastic returns process with Cripps Pink data, no establishment cost or production cost data were available for this variety. Therefore, we assume the cost per tree values for Cripps Pink are the same as for Honeycrisp, and scale the per acre cost values to observed densities for Cripps Pink. Conversations with extension economists suggested that this was a reasonable way to proceed in the absence of data speci…c to Cripps Pink. We assume that the cost-to-completion is entirely invested over a …ve-year period, and that the patent expiry date is either 1, 3, 5, 10 or 15 years in the future. Since 1994, patents extend for a period of 20 years after initial …ling, but licenses are often not granted until well after the initial …ling period. We demonstrate the sensitivity of patent prices to variations in the expiry date in the results section that follows.
Results and Discussion
In this section, we present the results obtained from estimating the stochastic process for
Cripps Pink apple returns, and test the importance of the introduction of Honeycrisp apples.
After establishing the time-series properties for our focus variety (Cripps Pink) we then present the results from the risk-neutral patent valuation algorithm and compare the results with those obtained under alternative assumptions that require path-dependent valuation methods (Longworthy and Schwartz 2001). We complete the section with a sensitivity analysis to key process parameters, most importantly the timing and importance of the development of a competing apple variety (Honeycrisp). Table 2 presents the parameter estimates for the stochastic price-process in (2). We …rst convert prices to per-tree net returns by subtracting the per-pound costs of production and multiplying by a …xed per-tree yield value. We then remove the month-and-annual …xed e¤ects that are evident from …gure 1 and test for the e¤ect of Honeycrisp introduction on Cripps Pink apple returns. Whether accounting for the Honeycrisp introduction through either a binary variable that assumes a value of 1 after Honeycrisp was …rst introduced, or by including Honeycrisp volume directly, the result was the same. Namely, after controlling for these other temporal factors, the introduction of Honeycrisp did not have a signi…cant e¤ect on Cripps Pink returns. We interpret this result as implying not that Honeycrisp was unimportant, but rather that the e¤ect is picked up by the month-and annual-…xed e¤ects.
[ table 2 in here]
Consequently, the parameters in table 2 do not include a speci…c variable measuring the introduction of a competitive apple, but rather a generic shock that captures either positive or negative shocks to the price process. We begin by estimating the most parsimonious version of (2) and test against successively more comprehensive versions. Comparing a Brownian motion to a mean-reverting Brownian motion process with a likelihood-ratio (LR) test yields a chi-square statistic of 22.89 (critical value with 1 degree of freedom is 3.841) so we easily reject the simpler speci…cation. Next, we compare a mean-reverting process to one that includes a Poisson jump term, again using a LR test. This comparison yields a chi-square statistic of 87.516 (critical value with 3 degrees of freedom is 7.815) so we again reject the less-comprehensive speci…cation. Therefore, the last two columns in table 2 represent the parameters used for our option-pricing algorithm. These parameters imply that Cripps Pink returns diminish by approximately $0.10 per tree per month, variations away from the mean returns diminish only very slowly over time, and that there is a roughly 36% probability of returns falling by $0.34 per tree during any given month. In the analysis below, we conduct sensitivity analysis with respect to these key parameters.
The results in table 3 show patent prices obtained under our base scenario, and their sensitivity to variation in returns growth. 5 We show both American and European patent prices for comparison purposes. The base scenario is de…ned as the combination of expiry dates and growth rates that most nearly approximates that observed in practice. By comparing our estimated patent price with actual license contracts, we can get a sense of how growers are actually bidding for patents, that is, whether they are bidding as if there is a …xed exercise date, or whether the option is instead path-dependent. Although there is no public data base of license prices, recent experience suggests that licenses are valued at approximately $2.15
per tree, which consists of a $1.00 …xed fee and 5% of revenues. Because licenses tend to be sold several years after the patent is issues, the most realistic base scenario assumes a growth rate of = 0:10 and a time-to-expiry of T = 10: Based on these assumptions, the patent price under a …xed exercise date assumption (European) is $0.711, while it is $2.198 under a continuous-exercise assumption. Clearly, the American-option assumption more nearly approximates that observed in practice. Growers, however, appear to impute a faster rate of returns-dimunition than that estimated with the Cripps Pink price process. Price estimates for other growth rates and expiry dates show a similar, large di¤erence between the values obtained under European and American exercise assumptions. We interpret this di¤erence as measuring the value of the ‡exibility of being able to abandon the investment at any time prior to completing the investment.
[ a right to the future stream of income to the variety, and the right to abandon the project should it become unpro…table. For a …xed expiry date, and for dates prior to the pay-o¤ date for continuous exercise, the value of the patent is dominated by the former: A smaller stream of income will lower the value of the patent. After the cost-to-completion is paid o¤, however, the value of being able to abandon the project rises as the growth rate of returns falls. The larger the avoided-loss, the larger the value of the option to do so.
Other sensitivities also highlight the sharp contrast between path-dependent and nonpath-dependent patent prices. We allow the rate of mean reversion ( ) to vary in table 4, and observe a similar pattern to that shown in table 3. Namely, with a …xed expiry date, prices fall uniformly as the rate of mean reversion rises across all expiry dates. This is to be expected as negative reversion to the mean implies that returns can grow without bound in response to a positive shock. Because the optionality of a patent allows growers to avoid the opposite occurence -returns that fall -the option price must be higher for negative rates of mean reversion. If we allow for continuous exercise, however, we again see that patent prices fall and then rise in the rate of mean reversion for expiry dates of 10 and 15 years. As in the previous case, these expiries are beyond the point where the cost-to-completion is paid o¤, so option prices can be higher with faster mean-reversion because this implies greater Two e¤ects are at work here. First, note that all prices are higher than their corresponding non-path-dependent values because of the value of the ability to exercise the option any time the conditional expected returns fall below the incremental investment required. This value rises in volatility because the probability of the conditional expected return falling below the incremental investment value higher for greater levels of volatility. Beyond a threshold point, however, the likelihood of abandoning a potentially-viable project early rises. Recall that the value of an abandoned project is zero. Therefore, the higher the level of volatility, the more abandonded projects are averaged into the Monte Carlo pricing algorithm and the value of the option falls accordingly. Prices are also concave with respect to expiry. With zero volatility, the conventional result obtains: Longer times to expiry cause the option price to fall due to the discounting process. At higher levels of volatility, and low rates of mean-reversion, however, there is a greater probability that returns will grow quickly in the future. Higher conditional expected returns increase the value of continuation, or of not abandoning the project, and hence, the higher threshold value before the option is exercised.
[ 
Conclusion
This study investigates the optimal pricing of licenses on university-created agricultural innovations. Our pricing model relies on the assumption that patents provide the holder the right but not the obligation to either undertake the investment required to bring the innovation to market, or to abandon it before fully committing the necessary capital. As such, patents are derivative securities, or options, on the underlying innovation. Unlike options with a …xed exercise date, however, the option implied by holding a patent can be exercised any time at the discretion of the holder. Consequently, the value of licenses on patents to an agricultural innovation are path-dependent, or depend on the entire history of returns and not just those that prevail on one speci…c day.
We develop risk-neutral option pricing models under both a …xed-exercise (European) and a path-dependent (American) assumption, and compare their values both to each other and to those observed in real-world bidding. We estimate the stochastic process that underlies each model using data from a proprietary apple variety that was developed a number of years ago (Cripps Pink) and has been sold commercially for over 10 years. We …nd that the path-dependent model most nearly approximates the license prices observed in reality. If this is indeed the case, then neither buyers nor sellers in the license market can rely on conventional option "Greeks" or comparative statics to key model parameters. While conventional sensitivities tend to be monotonic in either volatility (except in the case of volatility smiles), mean-reversion or growth-rates, we …nd that the sensitivities for path-dependent option prices are highly non-linear and are indeed convex (concave) over ranges that likely span values that can arise in the real-world. Consequently, developing a more liquid market for licenses to agricultural innovations requires broad dissemination and agreement on a model similar to ours.
Future research in this area should consider other agricultural products beyond the apple variety considered here. Many di¤erent types of innovation are being licensed by universities, and the license prices will be unique to each. Further, our model makes many parametric assumptions in the absence of speci…c data on cost-to-completion and production cost. More accurate data on the fundamental pro…tability of each variety and the investment required to bring each to production would be necessary for wide-spread application of this type of pricing model. Finally, more institutional data on the nature of the licensing process would be helpful. While we understand that licenses are sold many years after the patent is applied for, we have no speci…c information on the actual lag between …ling the patent and selling the license. This information will be critical in determining license prices su¢ ciently accurate to allow a trade to develop. 
